Objective To identify genetic differences among siblings with a family history of idiopathic transverse myelitis (ITM).
Results
The 2 sisters with ITM both had acute onset of sensory loss in the legs, weakness, and bowel/ bladder dysfunction. The first developed ITM at age 15 years with a clinical nadir of complete paralysis, which slowly recovered over a few years. MRI demonstrated a persistent T2 lesion in the lower thoracic cord. The second developed ITM at age 50 years with a nadir of sensory loss from T6 down and paraparesis in the legs, associated with an MRI lesion at T6. She also made a partial recovery with treatment. Both sisters are homozygous for a missense variant in VPS37A (c.700C>A, p.Leu234Ile) identified by WES. We performed targeted sequencing of VPS37A in an additional 86 samples from patients with ITM and 175 with other diseases to investigate the p.Leu234Ile variant. We identified another patient with ITM homozygous for the same rare variant. No patients with multiple sclerosis, neuromyelitis optica, other neurologic conditions, or any healthy controls in public databases were homozygous for this variant.
Conclusions
A rare missense variant in VPS37A may predispose to development of ITM. Further studies are necessary to determine the frequency of this variant in the patient population and the mechanism through which it contributes to the risk of disease.
Idiopathic transverse myelitis (ITM) is a monophasic autoimmune attack on the spinal cord, which leads to weakness, numbness, and bowel/bladder dysfunction; however, there is a spectrum of severity, and not all patients have this complete spectrum of deficits. 1 The incidence is approximately 1 per million per year (0.1/100,000), with a prevalence of approximately 7,500 Americans living with disability from their ITM today. 2 There is a bimodal age distribution with peak onsets in the teenage years and in adulthood. Men and women are equally affected. The etiology of ITM is presumed to be an immune-mediated attack 2-3 weeks after a systemic infection, possibly due to molecular mimicry. 3 ITM is conventionally viewed as a sporadic disease, with no strong familial risk factors and no recognized genetic contribution to risk. Recently, we encountered a family of Polish origin with 2 sisters affected by ITM, 1 presenting originally in 1967 at age 15 years and 1 presenting in 2010 at age 50 years. This unusual occurrence prompted us to seek a genetic basis for ITM.
Methods

Samples
We extracted DNA samples from blood, saliva, or spinal fluid pellets using a DNA isolation kit (Qiagen DNeasy Blood &Tissue Kit, cat #69504).
Whole-exome sequencing and analysis
We performed whole-exome sequencing (WES) in 2 affected sisters and their 2 healthy brothers and 1 healthy sister. We captured the consensus coding sequence exonic regions and flanking intronic regions totaling ;51 Mb using the Agilent SureSelect XT kit and performed paired-end 100 bp reads with the Illumina HiSeq 2500 platform. We aligned each read to the 1000 Genomes phase 2 (GRCh37) human genome reference with the Burrows-Wheeler Alignment v.0.5.10-tpx. 4 Local realignment around indels and base call quality score recalibration were performed using the Genome Analysis Toolkit (GATK) 5 v.2.3-9-ge5ebf34. Variant filtering was performed by the Variant Quality Score Recalibration method. 6 For single nucleotide variants (SNVs), the annotations of MQRankSum, HaplotypeScore, QualByDepth, FisherStrand, RMSMappingQuality, and ReadPosRankSum were used in the adaptive error model (6 maximum Gaussians allowed, worst 3% used for training the negative model). HapMap3.3 and Omni2.5 were used as training sites, with HapMap3.3 used as the truth set. SNVs were filtered to obtain all variants up to the 99th percentile of truth sites (1% false-negative rate). For indels, the annotations of QD, FS, HaplotypeScore, and ReadPosRankSum were used in the adaptive error model (4 maximum Gaussians allowed, worst 12% used for training the negative model; indels that had annotations more than 10 SD from the mean were excluded from the Gaussian mixture model). A set of curated indels obtained from the GATK resource bundle (Mills_and_1000 G_gold_standard.indels.b37.vcf) were used as training and truth sites. Indels were filtered to obtain all variants up to the 95th percentile of truth sites (5% false-negative rate). 7 Using the PhenoDB Variant Analysis Tool of PhenoDB, 8 we prioritized heterozygous, homozygous, and compound heterozygous rare functional variants (missense, nonsense, splice-site variants, and indels) shared by the proband and her affected sister but not present in the 2 healthy brothers and healthy sister. We excluded variants with a minor allele frequency of >0.01 in Single Nucleotide Polymorphism database 126, 129, and 131, the Exome Variant Server (release ESP6500SI-V2), 1000 Genomes Project, or among the samples sequenced at classless interdomain routing (CIDR) as part of the Baylor-Hopkins Center for Mendelian Genomics. We also excluded all variants found in our in-house controls (CIDRVar 51 Mb). We generated a list of heterozygous variants shared by the proband and her affected sister but not present in the 3 healthy brothers and sister; a list of homozygous variants shared by the proband and her affected sister but excluding variants that were homozygous in one of the healthy siblings and a list of compound heterozygous variants identified shared by the proband and her affected sister but excluding the genes that had the same set of variants in one of the unaffected siblings.
PCR and Sanger sequencing of the VPS37A exon 6 variant We performed confirmatory Sanger sequencing on a 350-bp amplicon containing exon 6 of VPS37A (forward: aaggcagtgtgagatgtgaaga; reverse: tcccactaaggcaacaacaa primers) purified with the Agencourt AMPure XP automated PCR purification system and sequenced on an Applied Biosystems 3730xl DNA Analyzer.
Standard protocol, approvals, registrations, and patient consents This project was approved by the Johns Hopkins University Institutional Review Board. All subjects consented to the publication of their cases.
Results
Cases Family 1, sister 1 is currently 64 years old but woke up at age 15 years with abrupt lower extremity weakness and sensory Glossary CIDR = classless interdomain routing; ESCRT = endosomal sorting complexes required for transport; GATK = Genome Analysis Toolkit; HSP = hereditary spastic paraplegia; ITM = idiopathic transverse myelitis; SNV = single nucleotide variant; WES = whole-exome sequencing.
loss. She recalls no immediate antecedent illness. She was treated with corticosteroids, and she made a slow and steady recovery over 3 years from a nadir of being bedbound to being able to ambulate without assistance. MRI performed at age 53 years still showed a T2 hyperintense lesion at T8/T9 with no brain lesions ( figure 1A) . No additional neurologic events have occurred in the 49 years since the acute onset of her ITM. Family 1, sister 2 is currently 59 years old and was 51 when she developed acute onset of low back pain, followed by sensory loss in both legs, mild leg weakness, and urinary incontinence. She recalls no immediate antecedent illness. Examination revealed normal strength and a sensory level at T10. Her spinal cord MRI revealed a nonenhancing T2 hyperintense lesion at T4/T5 (figure 1B). She was treated with a 1-month course of oral corticosteroids and over the next 6 months made a near full recovery except for a persistent mild leg weakness and sensory level on examination. Spinal fluid analysis 4 months after the acute onset revealed no pleocytosis nor oligoclonal bands, and serology was negative for autoantibodies. Brain MRI was unremarkable. No further neurologic events have occurred in the 8 years since her ITM. The sisters have 2 brothers and another sister, all healthy. The family history revealed no consanguinity; the parents were both of Polish origin. There was no other history of ITM.
DNA sequence results WES and analysis on germline DNA from the 2 affected sisters and their 2 healthy brothers and 1 healthy sister revealed a missense, homozygous variant in VPS37A, isoform 1 (c.700C>A, p.Leu234Ile, rs150912414, ch8:17276454). The leucine at this position is remarkably well conserved among all known eukaryotes (figure 2). One of the healthy brothers was heterozygous for this variant. There were no additional homozygous or compound heterozygous candidate variants identified that segregated appropriately.
Screening other patients with ITM
In an additional 86 individuals presenting with ITM screened for this variant in VPS37A, we identified a third patient homozygous for the same VPS37A variant. This woman is currently 55 years old who developed acute mid-thoracic back pain and bilateral numbness in her toes when she was 50 years old. An examination revealed mild left leg weakness. Her spine MRI revealed a T2 hyperintense lesion at T3. Her brain MRI was normal ( figure 1C ). Spinal fluid analysis was not performed, and serology was negative for autoantibodies. She was treated with steroids and made a partial recovery with ongoing back pain and left leg spasms. No further neurologic events have occurred in the ensuing 5 years. She is of Irish/Scottish origin, denies consanguinity, and has no family history of ITM. Her symptomatic sister is heterozygous for the variant.
Screening among patients with nontransverse myelitis
We screened an additional 175 individuals with the following diagnoses: multiple sclerosis (n = 25), neuromyelitis optica (n = 25), healthy controls (n = 25), and other neurologic disease (n = 100). None were homozygous for the VPS37A-L234I variant; however, we identified an L234I heterozygote who was a 70-year-old man with an inflammatory bony lesion of his skull base with no history of myelopathy (figure 3).
Analysis VPS37A-L234I is found in heterozygosity in 4/10,000 individuals in the National Heart, Lung, and Blood Institute Exome Sequencing Project, in 49/120,880 individuals in the genome Aggregation Database, and 30/10,000 European descent individuals who participated in the ClinSeq project. [9] [10] [11] Given the allele frequency across multiple control data sets, the expected frequency of homozygosity for this variant is extremely small, ;1.6 × 10e −9 . After forming the hypothesis that this variant is pathogenic based on family 1 with the 2 affected sisters, we tested it in our small cohort (n = 86) of similarly affected unrelated patients and found an additional VPS37A-L234I homozygote. Considering the genome Aggregation Database with no reported homozygotes in 120,880 individuals, our result identifying 1 homozygote in only 238 patients with neuro-immune phenotypes rejects the null hypothesis (Fisher exact test, p < 0.002) and supports that homozygosity for VPS37A-L234I confers susceptibility for the 3 individuals with ITM. Significance is higher if calculated only for the 88 patients with ITM (p < 0.00072).
Discussion
We identified a rare missense variant, L234I, in VPS37A in 3 patients from 2 families with ITM. The rarity of this variant among the general population and the occurrence in homozygosity in affected members of 2 unrelated families implicate this variant in susceptibility to ITM. Based on the screening we conducted among a total of 88 unrelated patients with ITM, 25 with multiple sclerosis, 25 with neuromyelitis optica, and 100 with other neurologic diseases, we estimate that up to 3% of ITM may be associated with this genetic variant. We are in the process of validating the usefulness of VPS37A sequencing in patients with ITM, especially those with a positive family history.
VPS37A encodes a component of endosomal sorting complexes required for transport (ESCRT)-1, one of a set of heteromeric complexes (ESCRT-0 to ESCRT-3) that are involved in membrane remodeling processes including endosomal sorting, multivesicular body biogenesis, nuclear pore homeostasis, and budding of virus-containing vesicles into the extracellular space.
12-14 The 4 ESCRT complexes comprise more than 30 proteins, and defects in several of these have been associated with neurodegenerative diseases including Alzheimer disease, motor neuron disease, and hereditary spastic paraplegia (HSP). 15 Relevant to our results, a previous study reported 9 patients in 2 consanguineous Middle Eastern families with autosomal recessive HSP (spastic paraparesis 53, OMIM 614898). 16 Affected individuals were homozygous for a VPS37A missense variant Lys382Asp in exon 11. The clinical phenotype included the onset of spastic paraparesis in their first 3 years of life, accompanied by intellectual disability, kyphosis, and pectus carinatum. 16 There was a progressive, nonimmune-mediated, degenerative course, with normal MRI findings of the spine in at least 2. By contrast, the clinical phenotype of our patients featured a single, immune-mediated attack of the spinal cord confirmed by a focal MRI lesion in the spinal cord, followed by a stable or slowly improving clinical course after treatment with corticosteroids.
The mechanism by which a variant in VPS37A results in an immune-mediated attack confined to the spinal cord is unknown; however, there are a growing list of autoimmune conditions associated with monogenetic variants (table) . There are also monogenic disorders that impart a risk to infections such as herpes simplex virus encephalitis. These variants do not cause encephalitis, but rather they impair the normal innate immune response to the herpes simplex virus. Thus, the variant confers susceptibility to the environmental exposure to herpes simplex virus, and the phenotype is generated by a genetic defect that is exposed or triggered by the environmental variable. Of interest, a preceding systemic infection has been documented in approximately two-thirds of ITM cases, 2 suggesting that an environmental insult may be necessary to expose the genetic defect by generating an abnormal immunopathogenic response. Similar "conditional" mendelian phenotypes include the well-known hemolytic anemia (OMIM 300908) resulting from mutations in the G6PD gene in patients exposed to fava beans and other infections in the nervous system genetically susceptible individuals (table).
Our study is limited to this single variant in exon 6 of VPS37A. Although an amino acid substitution of leucine to isoleucine at this position is predicted to be deleterious, we have not analyzed VPS37A protein expression in these patients. In addition, the healthy brothers and sisters may develop ITM in the future. We are also in the process of screening patients with ITM for variants in other regions of VPS37A and other components of the ESCRT system. Mouse models homozygous for the VPS37A-Leu234Ile variant may shed light on the mechanism of how a genetic variant confers vulnerability to a monophasic immune-mediated process in the spinal cord. 
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